ABSTRACT
INTRODUCTION
The Alu family of short interspersed repetitive DNA elements (SINEs) is distributed throughout primate genomes (for reviews see 1, 2, 3). The Alu family represents one of the most successful classes of mobile elements, having arisen as a repetitive DNA family within the last sixty-five million years (4) and amplified to a copy number in excess of 500,000 within the human genome (5) . Each Alu element is approximately 300 bp in length, consisting of two tandemly arranged halves, with the right half containing an additional 31 bp relative to the left half (5) . Alu elements also contain a middle A-rich region, a 3' oligo-dA tail which is variable in length, and are flanked by short direct repeats which form during integration at staggered chromosomal nicks (5, 6) . Alu sequences are thought to be ancestrally derived from the 7SL RNA gene (7) , and mobilize through an RNA polymerase III derived intermediate via a process termed retroposition (8) .
The Alu family members found within primate genomes may be subdivided into groups of related subfamily members based on nucleotide identity (9) . Several overlapping subfamilies of various genetic ages have been identified within primate genomes (10, 11, 12, 13, 14) . The most recently formed subfamily of Alu sequences found within the human genome was originally referred to as the 'new' subfamily (15) . It has subsequently been further characterized and termed the Predicted Variant (PV) subfamily (16) and the Human-Specific (HS) subfamily (17) . Interestingly, the HS subfamily (PV) was also found to be transcriptionally active in vivo, suggesting the transpositional competence of this subfamily (16) . There are an estimated 500 (17) to 2000 (16) recently inserted HS subfamily members in the human genome. Individual HS subfamily members share a high degree of nucleotide identity (>98%) with the subfamily consensus sequence suggesting that they were derived from a single, or at most a closely related set of, source gene(s) (6, 15, 16, 17, 18) . Previously, a number of members of the HS subfamily were found to be present only within the human genome, and absent at orthologous positions in the genomes of other primates, indicating that most, if not all, of the HS subfamily members had amplified within the human genome in the last 4-6 million years (17) . In this report, we present a detailed analysis of the distribution of eight recently-inserted HS subfamily members within major human groups.
MATERIALS AND METHODS DNA Samples and Cell Lines Individual DNA samples were isolated from peripheral human lymphocytes as previously described (19) . These PCR Amplification Amplification of DNA samples was carried out in 100 ml reactions using 100 ng of target DNA, 750 ng of each primer, 100 mM dNTP's and Taq DNA polymerase (3 u) according to the supplier's (BIOS) instructions. Each sample was subjected to the following amplification cycle; 1 min at 94°C (denature), 2 min at the annealing temperature, and 2 min at 72°C (extension), for 30 cycles. Oligonucleotide primers and annealing conditions for HS C2N4, C3N, C4N4, C4N6, C4N8, C4N5 and TPA 25 were previously reported (17) . Subfamily members HS C2N4, C3N1, C4N2, C4N4, C4N5, C4N6 and C4N8 were isolated from a random human genomic library as described previously (17) . The TPA 25 Alu family member was found in one of two independent clones of the human tissue plasminogen activator locus (20 Figure 1 ). Individuals were scored as either homozygous (+ +), heterozygous (+ -), or homozygous (--) for the presence of the 400 bp band (+), or the 150 bp band (-). The genotypes, expected values and allele frequencies of the individual HS subfamily members determined from PCR analyses are summarized in Table 1 . Individual subfamily members were distributed in three distinct groups based upon their distribution within the human population. One group was comprised of dimorphic subfamily members TPA-25, HS C2N4 and HS C4N4. A second group (HS C3N1 and C4N6) were monomorphic (homozygous) for the presence of an Alu family member in the 65 unrelated human samples which were analyzed (Table 1) . The third group (HS C4N2, C4N5 and C4N8) displayed both bands in all individuals tested, apparently as the result of insertion of Alu subfamily members into other repetitive loci (see below).
The dimorphic subfamily members may be further subdivided into highly dimorphic (TPA 25) and weakly dimorphic (HS C2N4 and C4N4) groups. The presence of only one and two heterozygous individuals for HS C2N4 and C4N4, respectively (Table 1) (Figure 1 ). The other three showed both the large and small PCR bands in every sample tested. A representative pedigree and chromatograph of the resultant PCR products from the HS C4N5 locus is shown in Figure 2 . These data show that the HS C4N5 subfamily member from a representative family shows both bands in every individual tested. A Chi-square analysis showed that the observed ratio of progeny (0:1:0) was significantly different from that expected (1:2:1) from a cross of two heterozygous individuals at a single locus (X2 =15, d.f.=2, P<0.001). Subfamily members HS C4N2 and C4N8 also displayed both bands in every individual tested (Table 1) . that the pre-integration site is a repeated sequence located on many chromosomes. The 400 bp band, containing the HS subfamily member, was only located within hybrids containing chromosome 13, 14 or both chromosomes, with the exception of hybrid cell line 968 which contains chromosome 13 and has only the 150 bp band. This latter result makes a definitive chromosomal assignment of the HS C4N2 subfamily member impossible. It may be due to a previously undetected deletion or rearrangement within one of the hybrid cell lines, or may represent dimorphism in the presence of this HS sequence in a human chromosome. However, taken together with the amplification of 65 unrelated individuals and pedigree analysis in which every individual amplified both bands these data clearly demonstrate that HS C4N2 retroposed into a repetitive region of the genome which was dispersed on a number of human chromosomes prior to the insertion of this Alu family member. Therefore we conclude that the HS Alu insertion occurred in a previously uncharacterized repeated sequence, which interferes with the PCR analysis. However, like HS C4N8 and C4N5, the 400 bp allele must be present at a very high frequency in order to see no individuals who are homozygous for its absence (Table 1) .
DISCUSSION
The high percentage (3 out of 11, see below) of recently inserted HS subfamily members which have inserted into duplicated regions of the genome suggests that these types of events occur at a relatively high frequency. Although Alu family members are distributed throughout the genome, they have been shown to cluster within specific regions, for example the introns of the human thymidine kinase (tk), ,B-tubulin and C-1 inhibitor loci (24, 25 and 26, respectively). However, little more than an A+T rich target site preference for Alu family member insertions has previously been shown (6, 27, 28) . The clustering of Alu family members may result from random insertion into additional A+T rich target sites (middle A rich region and 3' oligo-dA tail) created by previous Alu family member retropositions, some more general insertion site specificity, such as specific chromosomal domains, or selective pressure against insertion into protein encoding regions of the genome. The insertion of such a high proportion (3/11) of recently amplified Alu family members into duplicated regions of the genome suggests that there may be a general chromosomal feature that favors retroposon insertions and/or other sequence duplications. Once a sequence inserts or duplicates in one of these regions, the preference must still exist to favor a second insertion within the same general region.
These studies demonstrate the relative ages of each HS subfamily member. The monomorphic subfamily members (HS C3Nl and C4N6) comprise the oldest group of HS subfamily members. The monomorphic nature ofthese subfamily members suggests that they predated the origin of modem man 200,000-1 million years ago (29) . However, dtese subfamily members have previously been shown to postdate the human/great ape divergence (17) , which is thought to have occurred 4-6 million years ago (30) . Studies based upon diagnostic nucleotide substitutions also suggest that the average age of HS subfamily members is 2.8 million years old (6) . Therefore, we conclude that these subfamily members retroposed into the human genome 200,000 to 6 million years ago, after the human/great ape divergence and before the radiation of modem man.
The low frequency of Alu family member retropositions (approximately 100-200/million years) (17, 31) (35) , VNTR (36) and AluVpA (37) which may be of multiple origin and less stable.
Given the unique nature and stability of Alu family member insertions (33) , the highly dimorphic state of the TPA 25 insertion within various human groups suggests that this subfamily member is of very recent origin. Previously, the TPA 25 subfamily member was shown to post-date the human/great ape divergence which is thought to have occurred 4-6 million years ago (30) and classified as an HS-2 (6, 17) or PV (18) sub-subfamily member. These studies show that it is present at only about half of the alleles, suggesting that it inserted after the formation of modem man. Studies on mitochondrial DNA have suggested that modem man originated in Africa 200,000-1 million years ago (29) , implying that the TPA 25 Alu family member inserted in the human genome in the last 200,000-1 million years. Previously, three other HS subfamily members (PV 92, MLVI-2 and APO) have also been classified as dimorphic within the human genome. PV 92 displayed a high degree of dimorphism within a limited number of individuals (16), while MLVI-2 was present only in one of 59 unrelated individuals (38) . The APO HS subfamily member (18) , located near the human apolipoprotein AI-CIiI-AIV gene cluster, was analyzed by RFLP analysis (39, 40) , and was found to have a moderate degree of heterozygosity. Therefore, 55% (6/11) of the randomly selected HS Alu family members appear to be dimorphic, with 18% (2/11) monomorphic and the remaining 27% (3/11) having inserted in duplicated regions of the human genome. Approximately 27% of the HS subfamily members (approximately 135 out of 500 HS subfamily members) may be informative (highly dimorphic) loci for human population studies. The TPA 25 subfamily member allele frequency was significantly different in human groups of African and non-African origins. These differences may reflect that this insertion occurred near the time of migration of modem man out of Africa, or simply reflect genetic drift in these populations having fixed the Alu insertion allele at different frequencies. A single locus on this relatively limited population size does not supply enough resolution to differentiate between the different possibilities. The isolation and characterization of additional highly dimorphic Alu family members in well-defined human population groups should provide a useful tool for understanding the early evolution of modern man and the population dynamics which occurred.
